Abstract-The integration of optical fibers into solar energy systems requires a trade-off between the cost, attenuation, and a limited flux carrying capability (due to limited numerical aperture) on one hand, and the flexibility in light distribution on the other hand. This paper presents a novel approach that minimizes the length of fibers in the system while fully utilizing the flexibility advantage. Optical fibers have been steadily improving and their cost has been declining as a result of the proliferation of their use in communication, and more recently in the lighting industry. The use of fibers in concentrating solar thermal systems has potential advantages of providing unprecedented flexibility in the final concentration and the receiver design. A central receiver system based on the tower reflector with optical fibers (TROF) is presented as a case study in a comparison between conventional concepts of solar thermal power generation, and new concepts employing optical fibers. Two new approaches to thermal conversion utilizing the flexibility of a fiber-based system, non-isothermal high-temperature receivers and distributed receivers, are presented. An approximate performance and cost analysis that assumes mass-produced solar-optimized fibers is presented. The effects of system size and several fiber types are discussed. The results show that the use of current optical fibers may become competitive for solar-driven electricity generation systems under optimistic assumptions. The analysis points to research and development directions that could lead to cost-effective TROF and other optical fiber-based systems in the future.
INTRODUCTION
industry has grown significantly during the 1990s, leading to a significant reduction in fiber cost and Attempts to integrate optical fibers into solar improvement in fiber performance. Recent proenergy systems began in the mid-1970s (Kato and gress in optical fibers for indoor lighting may also Nakamura, 1976) and continued with the work of be useful for solar energy, since the requirements Cariou et al. in the early 1980s (Cariou et al., for solar energy applications are much closer to 1982 (Cariou et al., for solar energy applications are much closer to , 1985 and others (Khatri et al., 1993 ; those for lighting fibers than to communication Nakamura et al., 1995; Liang et al., 1997 ; Peill fibers. The third issue is addressed by recent and Hoffmann, 1997; Feuermann and Gordon, developments in high temperature solar receivers 1998a). However, these attempts have not yet Buck et al., 1998) , opening been utilized successfully in major energy con-the way to benefit from the unique geometrical suming applications such as the power generation flexibility of optical fibers. A very different industry. The reasons can be traced to the high application of fibers with solar energy in medicine cost of fibers, low numerical aperture (low solar was also proposed recently (Feuermann and Gorenergy concentration in the fiber) of the fibers that don, 1998b). However, in this contribution we were considered, and the absence of receiver restrict the discussion to the mainstream applicatechnology that can fully utilize the geometrical tion of solar thermal electricity generation. flexibility of optical fibers to improve the system In concentrating solar energy systems, efficiency. These limitations may be alleviated geometrical constraints are placed on the receiver due to recent advances in fiber technology. Driven and other system components to accommodate the mostly by the communication market, the fiber optics. The receiver and additional hardware (engine, heat exchangers, etc.) have to be placed in awkward locations, such as on top of a tower, † Author to whom correspondence should be addressed. Tel.: or hanging at the focus of a dish concentrator. The 1 972-8-934-3766; fax: 1 972-8-934-4124; e-mail: use of secondary optics near the receiver's aperavi.kribus@weizmann.ac.il 1 Member ISES.
ture introduces additional large components at the same inconvenient location. The receiver's design collection radius. It is therefore obvious that is constrained to fit the incoming radiation, rather unless fiber cost and attenuation become negligibthan optimized, for example, to achieve the best ly small, only very small systems with fibers may convective heat transfer. Replacing transmission be viable. The systems analyzed below are therethrough air by transmission through optical fibers fore small sub-megawatt plants such as those may offer an inherent geometrical flexibility that described in Kribus et al. (1998) . can open possibilities for new solar energy conWe first present a conceptual view of integracepts. On the other hand, fibers add to the total tion of the optical fibers into a central receiver cost of the system, and are less transparent than system, and possible new approaches to the air. Although some of the modern optical fibers design of appropriate central receivers. The aforeare very transparent across the solar spectrum, mentioned three system options are then prethey are still an absorbing medium, and the sented, followed by a first-order system-level attenuation loss can be significant when transport-performance and cost analysis. The overall solaring radiation over large distances. It is therefore to-electricity conversion efficiency and the sysnot clear whether the use of optical fibers in a tem's specific cost ($ / kW ) are computed for each e solar energy system can provide a net advantage system, as a function of system size. The results relative to conventional solar designs.
are then presented and discussed, showing a A principal requirement for the success of a comparison between the conventional and fibersolar-fiber system is maximizing the benefits of based systems, and also discussing other options the geometrical freedom that the fibers allow, for fiber-based solar generation systems. while minimizing the length of fibers in the system. Minimizing the fiber length is necessary to keep the two penalties, attenuation and cost,
NOVEL COMPONENTS
sufficiently low to be compensated by cost reduc-2.1. A fiber light distributor tion due to the geometrical flexibility. We therefore consider systems with centralized generation
The fiber distributor subsystem accepts the (central receiver), where most of the optical path concentrated radiation from the primary optics, a is in air, and only the final concentration step into heliostat field in our case. The distributor then the receiver is performed using optical fibers. guides the radiation to the receiver, providing the Three system configurations are compared: a final concentration stage and the interface to the tower-top system with a fiber concentrator / dis-receiver, instead of the more familiar non-imaging tributor replacing the traditional secondary con-secondary concentrator. A schematic presentation centrator; a tower reflector with optical fibers of the distributor is shown in Fig. 1 . The entrance (TROF), which will be described below; and as a plane of the distributor may contain small dielecreference case, a non-fiber solar concentration off tric concentrators, made from the same material as tower (SCOT) system with a CPC array at the the fibers, which guide the light into the inlower focus (Kribus et al., 1998) . This comple-dividual fibers. These concentrators can compenments a previous analysis of solar / fiber options sate for the difference between the rim angle of (Kribus et al., 2000) which compared the tower-the primary collector and the acceptance angle of top option to a 'mini-dish' field (Feuermann and the fiber. Such a difference may exist since the Gordon, 1998a) and to several options of dish-primary could be optimized based on overall engine systems. system performance and cost, and not constrained The total cross-section of the fibers in the to provide the necessary rim angle. It is also system is proportional to the system's rated convenient to have this additional concentration power, which scales with the square of the radius stage since it creates a space between fibers, of the primary collector. The length of the fibers which makes handling and installation easier. The is proportional to the primary collector radius inlet apertures of the inlet concentrators should be even when the fibers are used only as the last hexagonal, such that the concentrators can be optical step, since the size of the field's target is packed without any spaces (Liang et al., 1997) . If proportional to the size of the primary field. The desired, the exit of the fiber into the receiver can total volume of the fibers, and hence the material also contain a small dielectric concentrator that cost, is then proportional to the cube of the brings the flux to the maximum permitted by the collection radius, and grows faster than the col-available angular range (Feuermann and Gordon, lected power. Attenuation loss is also proportional 1998a). to the length of the fibers, and increases with the In a previous analysis (Kribus et al., 2000) we considered several existing fibers as candidates munication fibers, the cost is dominated by the for solar applications. Two of these were selected production process, and the material accounts for as most appropriate. The Schott W fiber has an a small fraction only (around 10%). For thick exceptionally high numerical aperture (0.86), and solar fibers, we assume that the production cost therefore can carry a relatively high flux. This per unit length is about the same as thin fibers, but fiber has, however, a fairly high attenuation over the amount of material is much higher. Based on the solar spectrum (2.3 dB / m), and can be used such an extrapolation and the current cost of only over a short optical path. Spectran's HCN-silica, we estimate that mass production and H1000T has a lower NA (0.48), but much lower competition could drive the solar fiber cost to the attenuation (0.35 dB / m), and is therefore much range of $0.2-0.5 / m for 1-mm-diameter fibers. In better suited for longer optical paths. In addition the following sections, we use the lower cost of to these two existing fiber types, we also consider $0.2 / m as a reference estimate. a hypothetical fiber that has the same low attenua-2.2. A non-isothermal receiver tion as the Spectran model, and NA 5 1. Such a fiber would be made of a silica core without
The conventional design for a high-temperature cladding (Cariou et al., 1985 ; Feuermann and solar receiver is a cavity with a relatively small Gordon, 1998a), utilizing the large difference in aperture allowing entrance of concentrated sunindex of refraction between silica and air. We use light. An absorber element is arranged in some this hypothetical fiber as an upper bound on the compact geometry (e.g. hemispheric, annular, potential performance of real fibers. In the analy-cubic) around the aperture such that the concensis below, we consider and compare these three trated light is dispersed more or less evenly on all fiber types. absorber surfaces (Buck et al., 1996; Karni et al., Commercial mass-produced communications 1997 ). This design is not necessarily optimal for fibers have fairly low cost, typically a few cents heat transfer, but is dictated by the nature of the per linear metre. However, fibers suitable for solar radiation incident through the aperture. Ries et al. applications, having large diameter, high NA and (1995) provided an approach that matches the low attenuation, are currently not mass-produced convective heat transfer to the available flux and therefore their cost is much higher. We distribution using the partitioned receiver concept, assume solar-optimized fibers that are produced where the aperture is divided into several receivon a large scale using techniques similar to those ers operating at different temperatures. However, in use for communications fibers today. In com-a straightforward implementation of this idea using conventional receivers and secondary concentrators (Doron and Kribus, 1996) can be quite cumbersome. The inherent geometric flexibility of the fiber distributor permits a new implementation of the non-isothermal receiver concept.
We propose a receiver as an essentially tubular vessel with flow along its axis, and the fiber inlet apertures positioned on the external walls (Fig. 1) . The radiation flux carried within each fiber depends on the position of its entrance aperture within the primary concentrator's target plane. At the receiver side, the fiber exit apertures are installed near the fluid inlet, and those carrying with a separate receiver, and each receiver is supplied with a the highest flux are installed near the fluid exit. separate fiber bundle. This is the optimal match of temperature and incident flux as shown in Ries et al. (1995) . Heat available in a single external duct. Using a transfer by thermal emission between regions of distributed receiver system, we can construct different temperatures is minimized due to the many small receivers, one for each combustion large length-to-diameter ratio of the receiver, chamber, and channel a portion of the optical fiber which provides a very small view factor among bundle to each receiver (Fig. 2) . The fiber dissections having different temperatures. If neces-tributor then provides access to gas turbines that sary, internal baffles may be installed to further were previously not compatible with solar energy suppress lateral heat transfer (Fig. 1) .
applications.
Distributed receiver system

SYSTEM OPTIONS
Using a fiber distributor as the final concentrator provides a degree of freedom not possible
The analysis of system efficiency and cost in previous solar designs. In current solar plant follows the procedure as presented by Kribus et designs, the radiation is concentrated and used in al. (2000) . The following sections present the a single receiver unit located at the focal region. design and specific assumptions for each system Even a partitioned receiver system (Doron and concept to be considered. Kribus, 1996) is still constrained to the same 3.1. Tower-top fiber system physical location since it is connected to an array of secondary concentrators, and the distance The primary optics of this system is a heliostat among receiver stages must be minimal to reduce field with a central tower. On top of the tower, thermal and pressure losses in the connecting however, the light is intercepted by a fiber pipes. The so-called 'distributed receiver' used in distributor with its inlet aperture at the field's aim line-concentrating systems is also, in fact, a single point, as shown in Fig. 3a . The concentrated light receiver constrained to a linear focus rather than a collected into the fibers is guided to a non-isopoint focus. By using optical fibers, however, we thermal receiver installed nearby on the tower. A open the possibility of a truly distributed receiver. small gas turbine completes the electricity generaWe can channel parts of the fiber bundle to tion plant. The fiber distributor replaces the different locations, and operate separate receivers standard secondary concentrator, and provides the that are independent and functionally parallel to final step of concentration and the interface to the each other.
receiver. The potential advantages of this arrangeThis new degree of freedom can be used for ment relative to traditional tower-top systems are novel applications that are not accessible with a the elimination of a large secondary concentrator, single receiver. For example, many of the gas a more flexible design of the receiver, and easier turbines available today have a distributed, multi-access to the receiver which can be placed away chamber combustor: the compressed air is distrib-from the focal area. uted to separate combustion chambers located
In order to analyze the performance and cost of around the circumference of the turbine. These the tower-top system, we make the following turbines cannot be integrated with a standard solar assumptions. plant, which requires all the compressed air to be • Solar half-angle, including primary mirror errors, is 7 mrad; direct insolation is 1000 W/ m . acceptance angle, a dielectric secondary concentrator is used at the entrance to each fiber. The sun is assumed to be at the zenith, and the • Fiber length is three times the radius of the resulting performance is therefore the best focal spot, to account for distance to the design-point value rather than annual average. receiver and guiding to the receiver inlet ports.
• The heliostat field layout produces ground
• The fiber is one of: (1) Schott W; (2) Spectran coverage (reflector aperture area divided by HCN-H1000T; or (3) the hypothetical fiber ground area) of 0.33; the field is circular with with NA 5 1 and attenuation the same as (2). the tower in the center. The heliostats are Fiber entrance and exit transmission is 0.94 arranged such that blocking is minimized. and 0.96, respectively.
• Collection radius at the target plane is designed
• The receiver heats gas to 9008C, suitable for a close to maximum efficiency (4% spillage small gas turbine; absorber maximum temperaassumed); the effect of heliostat astigmatism is ture for emission loss is 11008C. accounted for by increasing the collection
• The Power Conversion Unit efficiency is 30%, radius by 20% relative to the focal spot created representative of a recuperated Brayton cycle by infinitesimal heliostats.
(gas turbine); we assume that the efficiency is • The field rim angle is limited by the fiber's independent of turbine size. acceptance angle; if it is less than the fiber's 2 • Heliostat cost is $250 / m . Fiber cost is $0.2 / m ters are optimized to produce the lowest specific (1 mm diameter silica fibers), assuming exten-cost, as for the SCOT system: the aim point sive competition and mass production. Re-height and the hyperbola magnification. The rim ceiver cost is $200 / kW . Power Conversion angle of the hyperboloid as seen from the disth Unit (PCU) is $600 / kW . Tower cost is as-tributor inlet aperture was constrained to be less e sumed to vary linearly with height at $2500 / m than the acceptance angle of the fibers. However, up to 30 m height; above 30 m, the depen-this constraint was not activated since this rim dence is exponential. Fixed costs (including angle is usually fairly small for a reasonable master control) are $10,000 plus 2% of the magnification of the hyperbola. The optimization other components' cost. Indirect costs add was repeated for several values of the field radius. 20%. Tower height is optimized to provide the lowest 4. RESULTS specific plant cost, $ / kW , subject to the cone straint that the field rim angle is not larger than
In the following sections we present and comthe fiber acceptance angle. The optimization is pare the performance and specific cost of the three repeated for several values of the field radius. different system options. We estimate the efficiency of conversion from solar to electricity 3.2. SCOT system under nominal conditions (design-point efWe consider this non-fiber system as a refer-ficiency), and the specific cost per kilowatt of ence to the other cases. The solar concentration rated generation capacity. The competitive range off-tower (SCOT) system was described in Kribus for power production, according to current market et al. (1998) based on the 'reflective tower' conditions, is roughly in the range of $2000-Cassegrainian optics (Rabl, 1976) . A hyperboloid 3000 / kW for on-grid large-scale power producte reflector on top of the tower projects the concen-ion, and $4000-8000 / kW for remote, off-grid e trated radiation on a lower focal plane, where it is applications. Since a solar plant with optical fibers intercepted by an array of non-imaging terminal is limited in size, as noted above, we focus concentrators and corresponding receivers, as primarily on suitability for the off-grid market. A shown in Fig. 3b . In analyzing this system, we more detailed analysis could consider other used the same assumptions as in the previous criteria such as levelized energy cost, but this section, with the following additions.
would require a higher level of detail, which we • The reflectivity of the TR and the terminal did not attempt in this work. concentrators is 0.97.
A comparison of overall conversion efficiency 2
• The cost of the tower reflector is $1500 / m is shown in Fig. 4 . Each point represents a (more expensive than heliostats due to structural separately optimized plant, as explained above. In requirements and higher quality reflectors); the all cases, using the high NA, high attenuation 2 cost of the terminal concentrators is $3000 / m Schott fiber yields significantly lower efficiency, (due to active water cooling, high quality as expected. The efficiency using the hypothetical reflectors, and frequent maintenance require-fiber is somewhat lower than the real fiber; this is ments).
since we optimized for cost, not for efficiency. Two parameters are free for optimization in this The tower-top system has higher efficiency than system: the height of the heliostat aim point (the the SCOT system, since it incurs less reflection hyperboloid upper focus) and the hyperbola losses; the losses in the TROF and SCOT systems magnification (the ratio of the two focal lengths). are similar, as the fiber distributor replaces the These two parameters were optimized to produce conventional terminal concentrators. the lowest specific cost. This optimization was Typical radiation fluxes within the fibers can be repeated for several values of the field radius.
from a few hundred up to a few thousand kilowatts per square metre. For example, in the 3.3. TROF system 73 kW TROF plant with the HCN-H1000T fiber, e
In the TROF (tower reflector optical fiber) the radiation flux in the central fiber is about 2 concept, the terminal concentrators of the SCOT 3400 kW/ m . This raises the question of capasystem are replaced with a fiber distributor, and bility of the fibers to sustain such fluxes. If we the partitioned receiver array is replaced with a assume that absorption of radiation occurs mostly single non-isothermal receiver, as shown in Fig. in the first 10 cm of the fiber, and that the fibers 3c. The assumptions for performance and cost are are cooled by natural convection in air, then the consistent with the previous cases. Two parame-fiber temperature in the initial segment will reach about 1308C. This is easily sustained by silica our observation that the cost of a fiber system fibers, but may require a careful specification of increases faster than the rated power when system the outer protection sleeve. If needed, forced size is increased. The specific cost for the towerconvection can lower the temperature and reduce top and TROF systems with real fibers are higher the problem. Another possible effect is 'solariza-than that of the SCOT system, and are close to the tion', where the glass loses its transparency under high end of the competitive range. The assumpprolonged exposure to radiation. However, this is tion of the hypothetical fiber yields a significant not expected to be a significant problem. Solariza-reduction in the specific cost relative to the real tion is caused by the interaction of UV light fibers, but the values are still higher than the (below 260 mm) with trace elements in the glass. SCOT system. At the plant size corresponding to High-quality silica fibers contain very little of the minimum cost, the specific cost of the towerthese trace elements, and the concentrated sun-top system is about 22% higher than the SCOT light that reaches the fiber has undergone one or system at similar plant size. The same comparison two reflections in glass-silver mirrors, which leave for the TROF system shows a difference of about very little UV in the incident spectrum. 11% relative to the SCOT system at the optimal The specific cost for the three system design point. The TROF system is then preferable to the options are shown in Fig. 5 . The SCOT system tower-top system, but still not competitive relative shows the lowest specific cost in all cases, and the to the conventional SCOT system. trend shows decreasing specific cost as system A breakdown of system component efficiency size increases. All systems with a fiber distributor and cost is presented in Table 1 for the three show a minimum specific cost at some size, and system designs, at a power level of about 50 kW . e increasing cost as the system size increases Also shown for comparison is a Dish-Stirling beyond the optimum point. This is consistent with option with Cassegrainian optics and a fiber secondary concentrator, as presented in Kribus et should be used only for a small part of the optical al. (2000) . The results are consistent with the path, for example for the final concentration stage discussion above: the power loss and additional as shown here. Furthermore, maximum utilization cost due to the fiber component are significant, should be made of the inherent flexibility that the and only the system concepts that minimize the fibers offer. Examples are the development of amount of fibers are close to the competitive non-isothermal receivers that exploit the non-unirange. The best option according to this com-form intensity distribution at the focus of the parison, in terms of both efficiency and cost, is primary optics, and novel approaches to distributthe Fiber-Dish-Stirling system. However, other ed receiver systems that may enable new applicaconsiderations may still favor the small tower tions for concentrated solar energy. approach. Stirling engines are still far from the Fiber-based central systems such as the TROF mass-produced, commercially viable product that could be relevant, according to the specific cost was assumed here, and their scalability to the results, for system sizes between 20 and 100 kW . e 50-100 kW range is questionable. Dish concen-This range is traditionally allocated to a different e trators are also difficult to scale up beyond a class of solar plants, dish-engine systems. In a certain (small) size. On the other hand, small previous analysis (Kribus et al., 2000) we have Brayton engines in this range are a commercial compared several dish-engine systems, with and reality with low cost and reasonable reliability without a fiber component, under assumptions and scalability; heliostat fields are also scalable to similar to the present analysis. The results of that any size. These aspects were not quantified in this analysis showed that a fiber distributor based dish work, but they indicate that the small tower system can provide an advantage over convensystems deserve a serious consideration even tional dish-engine systems, yielding specific costs when their cost is somewhat higher than the dish of less than $4000 / kW . This can compete favore system. ably against the small SCOT system shown here. Based on specific cost alone, the most attractive candidate from the variety of fiber-based options
DISCUSSION
considered here is probably a dish-engine; how-A disadvantage of 11% in specific cost, as ever, the TROF system is not far behind and the shown for the TROF system compared to the difference in cost is not significant. Other considconventional SCOT design, is not significant in erations such as scalability and availability of view of the approximate nature of the present commercial grade engines may favor the small analysis. We did not intend to make a definite TROF system, resulting in an advantage over the statement about the feasibility of fiber-based dish systems in a comprehensive marketability systems in the near future. Rather, the main study. conclusion that we may draw from this comparison points to the advances that are required before a fiber-based system such as the TROF can existing low-attenuation fibers). If these two asof optical fibre solar furnaces. Solar Energy 34, 329. sumptions can be realized, then a fiber-based Doron P. and Kribus A. (1996) the system, since this is a significant cost and remote fiber optic irradiation with highly concentrated performance driver. This implies that fibers sunlight in lieu of lasers. Opt. Eng. 37, 2760-2767.
